This paper presents the results of an investigation carried out into the plastic collapse and deformation behaviour when a rotating pipe impacts on a stationary target pipe. To predict the plastic energy dissipation during the deformation of circular section pipes, a modified plastic collapse analysis adapting upper bound technique based on an existing deformation mechanism model was considered. The studies carried out show clearly that the failure mode in a pipe during impact with another pipe or with a solid rod does not only depend on relative local strength of these pipes but is due to a complex interaction of various parameters, e.g. impact velocity, span to diameter ratio of the target pipe and the supporting conditions of the target pipe and also of the impact position. The results throw good light and illustrate the influence of kinetic energy and its impact position on the energy absorption characteristics of the target pipe.
Introduction
Pipes of various thicknesses, diameters and materials are often used to transport fluids : steam, gas, water, oil, etc., under high pressures, velocities and temperatures in nuclear and conventional thermal power generation plants, oil refineries, gas extraction plants, chemical industry, mining, etc. Although care is taken to design these pipes to withstand high pressures, there is always the danger that due to high instantaneous pressures or fluctuations that may occur within the system, it may lead to sudden pipe rupture. Should therefore, a pipe accidentally rupture for whatever reason, the influenced sections of the broken pipe may in turn acquire a high lateral velocities as these rotate about localised regions of deformations occurring in either the pipe. If the pipe was not restrained close to the breach, the bending moments resulting from the applied thrust may generate a plastic hinge in the pipe with the result that either the free-end or the end with the attached tip mass is displaced for large distances at high velocities attained by the pipe. To ensure that in the event of such an eventuality, the essential equipment and nearby structures are adequately protected against the dynamic effects of such whip-like pipe movements in the postulated rupture event, various protective measures have been proposed. Where, protection by adequate separation cannot be achieved, one of the most economic and effective protective measure is to provide pipe-whip restraints.
There are only a few researches related to pipe-onpipe impact whilst lot of studies have been done on dynamic impact on beams, cantilevers, tubes and on pipewhip behaviour during its sudden rupture. A review of the problem concerning impact of beams and cantilevers was presented by Salmon and Verma (1) . They analysed a simple model applicable to this problem, i.e. tip-loaded propped cantilever beam with a small gap at the support. In the analysis, rigid-perfectly plastic behaviour of the uniform beam and restraints at the ends was assumed and its response to a step pulse loading was analysed.
Clendening, et al. (2) carried out some dynamic pipe impact tests to determine impact conditions for which the target pipe would not break when it was impacted during a pipe-whip event created by a postulated break of an adjacent but a larger parallel pipe than this. Baum (3) examined damage of the target pipe resulting from the impact of a whipping pipe on a nearby pressurised pipe.
Prinja, et al. (4) examined a theoretical damage criteria for pipe on pipe impact in order to estimate damage to the impacted pipe. They suggested a damage criteria for two types of collapse modes for a target pipe namely ; the local collapse mode and the structural collapse mode. Later on, Prinja (5) derived a solution for the dynamic behaviour of a long missile pipe after its impact on a comparatively large diameter, rigid target pipe.
Theoretical Prediction of Plastic Collapse

1 Behaviours after hit deformable target
Since, the rotating pipe after impact divides into three parts and the target pipe divides into two parts, see Fig. 1 , as assuming average retardation, the work done during plastic collapse, i.e. plastic hinge formation, localised dent and structural rotation, could be presented as follows:
where, I i0 , I i1 , I 0v and I s T /2 represent the moment of inertia at each section, (α i0 ) AV ,(α i1 ) AV ,(β) AV and (α T ) AV are the average retardation after impact, S T is the span of target pipe and (α i0 ) AV and (α i1 ) AV are related as follows:
From the estimation of deformation at the centre of the target pipe,
where, t is the total impact duration. For the conservation of energy Eq. (1) could be rewritten as below. 
where, M P1 (= M P2 ) is the fully plastic bending moment based on σ a y (dynamic) for the rotating pipe material and M PT is the fully plastic bending moment based on σ a y (dynamic) for the target pipe material.
The left-hand side of Eq. (3) means initial kinetic energy delivered by the rotating pipe just at impact and the right-hand side could taken from the energy dissipated by rotating pipe and the energy absorbed during the bending deformation of target pipe.
2. 2 Post-collapse behaviour of the overhanging section of rotating pipe A simplified analysis that explains plastic collapse behaviour of the rotating pipe assuming the centre of rotation as a hinge which was located at one end of pipe and then applying a sudden twisting moment over it was presented in the previous sections. However, in most practical situations, there usually exists a holding part that holds the rotating pipe at its one end.
As may be seen in the Fig. 2 , that there were two cases of the collapse mechanisms that may occur over the whole rotating pipe length. In the first case, there occurs no rotational motion of the overhanging pipe about the target pipe. This happens if the moment of the inertia force on the rotating pipe F 2 ov ≤ 3M P . This collapse mechanism is then very similar to the deformation behaviour of a cantilever type pipe subjected to bending moment, M applied at its end and proposed by Mamalis, et al. (6) which was modified in the previous section. However, in the second case, the overhanging pipe shows a further rotational motion about the target pipe when F 2 ov > 3M P .
The schematic views which the collapse behaviour of the rotating pipe expected are shown in Fig. 2 . These show a plastic hinge having been formed at D, distance h in a 
( ii ) Equating the work done by the distributed inertia forces on the rotating pipe to the work dissipated during rotation of the pipe on the plastic hinges. Here, It is assumed that all of the twisting moment applied onto the holding equipment is transferred to the inertia force at the instant of impact.
where, δx 1 , δx 2 and δx 3 are the distances moved by the forces in each of the three sub-section of the rotating pipe.
where, m is the mass of an element of the rotating pipe and α 0 is the initial constant angular acceleration of the pipe before impact. Substituting ov = − i and integrating Eq. (5) becomes
And re-writing above equation using the dimensionless parameters as bellows.
where,
The right-hand side of Eq. (6) can be replaced, using the angle of total hinge rotations, i.e. φ 1 (= θ 0 +θ 1 ) and φ 2 (= θ 1 +θ 2 ). Since, we can know the geometrical relations, i.e. total rotating length, impact position over the rotating pipe length and length of holding equipment, e.g. , i and h , the values of the dimensionless parameters, i.e. K, µ and θ 01 , can be obtained easily.
Experimental Apparatus and Procedures
In the present investigation, Spring Type Elastic Torsional Machine was modified from their original purpose of working as Inertia Forging Machine, to work as a dynamic impact test rig. Using the principle of obtaining elastic energy in twisting of the spring-bundle and then releasing it to accelerate the rotating pipe, this was to some extent similar to the equipment, Ghosh and Travis (7) and Ghosh et al. (8) , had used to investigate the inertia forming of circular and annular diaphragms respectively.
In the set-up as shown in Fig. 3 , the tip velocity of the whipping (rotating) pipe which was fixed to the springbundle by the holding equipment in the form of a pendulum was expected to achieve a range of speeds varying from 0 -100 m/s. The target pipe absorbed the energy brought to it by the rotating pipe, thus the rotating pipe could rest afterwards, dissipating the kinetic energy in plastic deformation. The main observational effort was focused at the impact velocity, load and on the deformation modes.
The dynamic impact testing machine was provided with load cell units, charge amplifiers, and photo cell type impact velocity measurement systems. A storage type Gould oscilloscope, interface (IEEE) and a Micro computer were also used when relevant experimental work was performed.
To measure the impact force with which the rotating pipe strikes the stationary target pipe in each case, as also to record the variation of the force with time, an impact load measurement device was incorporated. A total number of 24 electrical resistance strain gauges, each of 120 ohm resistance with a gauge factor of 2.12 of Tinsley Telcon make were affixed onto the surface of the aluminium column. For the load cell, these were fixed such that those alternatively in tension/compression were acting Fig. 3 Schematic diagram of the vertical spring type dynamic impact testing machine in series, i.e. compressions were together as were tensions. To measure the impact velocity of the rotating pipe, a photo-cell unit was provided in each of the dynamic impact test cases. The principle used to obtain the impact velocity was to record the exact time that a moving object cuts the light beam. For this purpose, a thin plate of 10 mm width made of very light material was affixed at the end of the rotating pipe.
To obtain photographic record of the event when a salient dynamic pipe-on-pipe impact takes place, a high speed camera system, made by John Hadland Ltd., was employed.
Discussions
1 Collapse behaviour of the rotating pipe
The obvious difference in the collapse mechanism of the rotating pipe between the quasi-static and the highspeed dynamic impact condition was the rotation of the overhanging portion of the rotating pipe. The schematic drawings for all the possible cases of collapse mechanisms for the rotating pipe after it impacts onto the target pipe are shown in Fig. 2 . Figure 2 (a) describes the condition when it impacts onto an undeformable solid target whilst, in Fig. 2 (b) it is shown to impact onto a deformable target pipe.
Case 1 illustrates where the holding equipment is very strong and the energy given to the rotating pipe is not large is dissipated in the plastic hinge formed near the holding equipment. However, in most cases of dynamic pipeon-pipe impact experimentals whenever the overhanging length was sufficiently long enough, the overhanging section of rotating pipe rotated about the target pipe or solid bar. Cases 3 and 5 demonstrate this situation respectively. It was found that the stored energy, which was transferred from the springs and became the inertia force over the overhanging part of the rotating pipe, was mainly dissipated during its rotational motion after impact about the target pipe, where a plastic hinge in variably forms if the target pipe was a deformable. For the collapse mechanisms of the rotating pipe to possibly form according to either case 2 or case 4 would be when the overhang length was either very short or the impact velocity was very low and can be simulated under quasi-static loading condition in 3-point bending of overhanging beam type pipes which are simply supported.
2 Energy balance
The plastic energy dissipated during the plastic bending collapse of the rotating pipe and these of the target pipe when the impact takes place should be balanced with the delivered kinetic energy of the rotating pipe. The kinetic energy of the rotating pipe just prior to its impact with the target pipe was calculated using the measured value of the tip velocity.
Some examples of the comparisons made between the theoretically estimated values of the plastic energy dissipated using the analysis and the results of experimental observation of the plastic work dissipated are shown in Tables 1 and 2 for the cases of the rotating pipe attached the tip mass impact onto the undeformable target rod. The experimental observations about the angles of rotations for whole of the rotating pipe length were measured as shown in Fig. 4 .
An example for the comparison made in energy balance between the theoretical predictions and for the experimental results with different weights of tip masses attached to the rotating pipe and their effect on shapes of the deformed specimens are shown in Fig. 5 . It is seen that the theoretical predictions of the required angles of rotation needed to dissipate the kinetic energy delivered during the bending collapse of the rotating pipe gives good agreement with the experimental results.
Conclusions
From the detailed theoretical and experimental investigations in high speed dynamic pipe-on-pipe impact where the diameter, length and impact position of the pipes were varied the following may be mentioned conclusions.
( 1 ) If the twisting moment at the rotating centre, or at an end of either the stationary or the rotating pipe was high enough, it induced a dynamic plastic collapse in the Table 1 Experimental results of rotating pipe attached a tip mass impacts on an undeformable target rod Table 2 Comparisons between theoretical analysis and experimental results of plastic work dissipated in dynamic pipe-on-pipe impact tests rotating pipe near to the holding equipment at the very beginning of the twisting moment applied since, the sudden increase of inertia caused by the angular acceleration produces a hinge within the pipe at that place. In this case, the rotating pipe may not even touch the target pipe even though this is installed at right impact position because of the initial bend in the rotating pipe. Thus, the target material installed for the purpose of energy absorber may be useless in such a situation.
( 2 ) The collapse mechanisms of the target pipes which were either simply supported or fully clamped were almost similar when tested under different loading conditions, i.e. quasi-static or in high speed dynamic pipe-onpipe impact situation. However, the collapse mechanism of the rotating pipe after it hit the target differed in the case of high speed dynamic impact since the overhanging part of the pipe rotated further over the target in order to dissipate the remaining kinetic energy due to the residual inertia force in it brought by the rotational motion prior to when the impact took place. Therefore, it is important to estimate the right position to install the target materials for the purpose of energy absorber.
